IT is generally agreed that the motor nerve fibres perform their function in the body by conducting impulses of the normal type, but there is little agreement as to the way in which these impulses are discharged. According to one line of argument a powerful contraction is brought about by more or less synchronous volleys of impulses occurring at the rate of 50-80 a sec. in each motor neurone; according to another the rate of discharge is very much higher and the apparent synchronisation revealed by the electromyogram is caused by the properties of the recording instrument or of the muscle. What happens with a relatively weak contraction is too uncertain even to have become a subject for controversy. In the present investigation we have obtained direct records of the discharge in individual motor nerve fibres innervating the diaphragm. We cannot assume that our results can be applied to every kind of reflex contraction, but for this particular case they seem so definite that it is unnecessary to set out the whole of the evidence which has been brought forward by indirect methods in the past'.
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the typical mono-or diphasic wave of action potential such as would be produced by stimulating the nerve electrically. If the resemblance were complete it would follow that each oscillation is due to a synchronous volley of impulses in many fibres, but more perfect recording instruments show that the oscillations are in fact considerably longer and more complex. A lack of complete synchronisation between the different neurones would account for this, but there are other possibilities which have been put forward (Fulton(5) ), and a study of the composite response of the entire nerve trunk is not likely to give decisive evidence however perfect our recording system may be. To be sure of what is happening in the single nerve fibre we have to devise a method which will put out of action all the other fibres in the nerve. The recording of impulses in a single fibre presents no difficulty, but the problem of isolating the fibre seemed much more formidable. Fortunately this has turned out not nearly so difficult as we had imagined.
METHOD. MIost of our experiments have been made on rabbits anaesthetised with urethane. The nerve we have used is the uppermost root of the phrenic, a slender branch arising from the third cervical nerve and running down over the scalenus anterior muscle for about 15 mm. before it is joined by the larger branch from the fourth cervical. Its motor fibres supply the anterior third of the diaphragm. Sections stained with osmic acid show that there are about 150 fibres in the nerve, all of the large medullated type with the exception of five or six very small medullated fibres. The nerve is easily dissected out in the neck and cutting it causes no obvious disturbance of respiration, since the greater part of the phrenic is left intact.
For diminishing the number of active fibres we have adopted the simple method of dissecting the nerve with fine needles under a binocular microscope. It is cut distally at its junction with the branch from the fourth cervical and laid in a pool of warm Ringer on a small platform of glass coated with black paint on its under surface. The platform is held rigidly by a rod fixed to an upright at the side of the board on which the animal rests. A Zeiss binocular dissecting microscope is focussed upon the nerve, which is illuminated from above by an electric lamp.
The first step in the dissection consists in splitting the connective tissue sheath which surrounds the nerve fibres. The sheath is pulled out on either side leaving the exposed nerve in the middle as in Fig. 1 A. The nerve is then split longitudinally in such a way as to leave a small strand of intact fibres in the middle (Fig. 1 B) . The number of undivided fibres has always been greater than the -number of motor fibres which appear to be in action in our records. The process of dissection and still more the subsequent manipulation of the nerve might be expected to prove rapidly fatal to the few fibres which bridge the gap, but fortunately the connective tissue sheath (which has been split but not cut transversely) acts as a most effective splint and prevents undue tension or displacement. In fact the nerve can be handled as though it were still undamaged, and the surviving fibres give a discharge which shows no signs of alteration for periods as long as two hours.
Each stage in the dissection is controlled by observing the impulse discharge in the nerve distal to the division. The distal portion is slung on two small paint brush electrodes (cf. Adrian and Zotterman(6)), the proximal connected to earth and the distal to the input of the three valve amplifier described elsewhere (7) . The The use of the telephone for investigating nerve or muscle action currents is well known, for the telephone has much the same electrical sensitivity as the string galvanometer. We have been accustomed for some time to use a telephone connection in the output of the amplifier system before making photographic records. In the present work, however, in addition to the telephone we have found it a great convenience to have a continual sound record of the nerve discharge made by a loud speaker. This has a separate two valve transformer-coupled amplifier of its own and it is connected to the output of the main amplifier through a *01 mf. condenser. As the connection to the electrometer is through a 1 or 10 mf.
condenser and a 120,000 ohm resistance the loud speaker connection introduces practically no distortion nor reduction in amplitude in the electrometer record. The arrangement of the connections is shown in Fig. 2 figure) is connected through a *01 mf. condenser to the jack J. The plug P1 leads to a telephone and P2 gives an alternative connection to the loud speaker L.S. through the second amplifier B.
excursions may be too small to detect on a screen, but they produce a series of faint clicks in the loud speaker, and it is thus possible to control the dissection, to expose a plate at the moment when the discharge is at its height, etc., without the inconvenience of wearing telephones.
When photographic records are to be taken the animal is placed on an insulated platform inside an earthed metal box, to avoid a slight ripple from alternating current mains which often appears when the preparation is unshielded.
RESULTS.
(a) The discharge of the entire nerve. A large number of records have been made in different animals before the division of the nerve fibres. In normal quiet breathing, which occurs at a rate of about 55 a minute in the rabbit, each discharge lasts about IMPULSES IN PHRENIC NERVE FIBRES. 2sec. and consists of an irregular and rapid succession of potential changes. There is sometimes an indication of large excursions recurring at a frequency of about 20-30 a second, but it is often difficult to make out any kind of regularity. When forcible inspiratory movements are produced by clamping the air tubes to the trachea, each period of contraction may last as long as a second and the rate of respiration slows down. The character of the discharge changes and it becomes much more like the phrenic discharge in the dog as recorded by Gasser and Newcomer1. Instead of the irregular succession of potential changes there appears a more or less orderly sequence of large waves at frequencies ranging from 50-90 a sec. The degree of regularity varies from one animal to another, but it is always more pronounced with forcible breathing. The discharges shown in Fig. 3 (b) The discharge of individual fibres. The effect of the reduction in the number of active fibres can be seen in Fig. 4 (Exp. 14). The records are from plates, all of which were exposed Fig. 4 . Action currents at different stages of dissection. Exp. 14 fibres have been cut, the electrometer is working at its maximum sensitivity and the individual impulses can be seen. At intervals of about *025 sec. several impulses coalesce into larger excursions. In C still more of the fibres were divided and the record shows a single series of impulses recurring at intervals of *023--025 sec. D is another record where the impulses are not spaced quite so regularly.
The nerve was examined after the experiment was over and it was found that the gap was bridged by three fibres. Two of these showed no sign of damage but the third was badly contorted. Of the two fibres which appeared to be undamaged it is unlikely that more than one is concerned in the discharges shown in Fig. 4C and D, for the impulses appear to form a more or less regular series and never follow one another at less than *02 sec. Records on bromide paper covering the entire period of inspiration show that almost all the impulses occur in a single series, though there is a suggestion of two impulses at a much closer interval at 87 the very beginning of the discharge. It is possible therefore that the second fibre transmits an occasional impulse, though it may well have been an afferent fibre from the end organs in the muscle. The discharges in Fig. 4 were all obtained during unobstructed breathing. In this animal cutting off the air supply gave a discharge in the intact nerve which was longer but not much larger or more regular than with normal breathing and the force of the movements was not much increased. Records from the nerve below the divided area during asphyxia show some increase in the frequency of the impulses, but the change is only from an average of 37 to an average of 50 a sec.
The effect of clamping the air tubes is shown more clearly in Figs. 5, 6 and 7 (Exps. 13 and 19). In both of these preparations the gap in the successfully carried to the stage at which a single series of impulses appeared. The data as to frequency and regularity of the impulses are given in Tables I and II which are constructed from continuous records of the type shown in Fig. 7 . It will be seen that all five experiments agree very closely with one another and this is perhaps the best proof that they show the normal discharge of a single nerve fibre. In every case we are dealing with a nerve containing several undivided fibres (the actual number varying from three to six or more), but a further reduction in the number of fibres has always left us with one or two apparently intact but. with no impulse discharge of any kind. In fact we have never found any intermediate stage between the complete absence of a discharge and one of the type shown in Figs. 4-7. For this reason it is extremely unlikely that such discharges are produced by two or more fibres acting in rotation, and we may accept them as due to a single fibre. As examples of the type of discharge due to several fibres we may take Fig. 8 Grading of muscular contraction. The character of the single fibre discharge during a powerful inspiration was not at all unexpected. The most reasonable interpretation of Gasser and Newcomer's experiments is that each nerve fibre transmits a series of impulses at about 70 a second, and the work of Bass and Trendelenburg(8), Cooper and Adrian(9) and others has made it most likely that the frequency of discharge in the nerve fibre was no higher than the frequency of the large waves in the electromyogram. We were less prepared to find such low frequencies as 20 a sec. in a submaximal contraction, though there was a certain amount of indirect evidence to suggest it'. It is obvious, however, that the variations in the frequency of the discharge between the limits of 20 and 80 a sec. are excellently adapted for producing contractions of graded intensity without bringing fresh muscle fibres into play. A mammalian muscle stimulated 20 times a second gives an incomplete tetanus, and the tension increases with the frequency of stimulation until the individual twitches have become completely fused. If all the muscle fibres are activated simultaneously, as they must be with stimulation of the motor 1 Cf. the work of Wachholder(l3) and of Richter(l4) on the voluntary electromyogram. 92 nerve, the contraction will proceed in a series of jerks when the frequency of stimulation is below the fusion point; but if the different groups of muscle fibres are not synchronised the whole muscle will contract more or less smoothly. The irregular character of the discharge from the whole nerve in quiet respiration shows that there is, in fact, no Well-marked synchronisation at the lower frequencies, and the diaphragm will therefore contract smoothly although the tension in each muscle fibre would show a series of peaks and depressions.
As the frequency needed for a smooth maximal contraction varies from one muscle to another, we have made a rough determination of the curve relating force of contraction to frequency of stimulation for the rabbit's diaphragm. In a rabbit anaesthetised with urethane and chloroform both carotids were tied and the cerebral circulation was occluded by a ligature tied tightly round the neck below the transverse process of the atlas. The respiration was maintained artificially and discontinued for short periods when the phrenic was stimulated. The 4th cervical root of the nerve was used instead of the 3rd as it produces a more powerful contraction. Stimulation was by a series of break shocks from a coreless induction coil connected with a rotating interrupter, the speed of which could be read directly by a magnetic speedometer. The force of contraction was recorded by connecting the air tube from the trachea to a water manometer, the reading being taken after 2-3 sec. stimulation when the pressure had reached a steady value.
A curve made from a typical set of readings is shown in Fig. 10 Thus the frequencies which we find in the single nerve fibre cover just the range which will give the maximum variation in the force of contraction. It has been generally assumed that in a submaximal contraction of reflex origin only a portion of the muscle is in action, more and more motor neurones taking part as the contraction increases in force. It is, therefore, of interest to enquire how far this method of gradation is made use of in the rabbit's diaphragm to supplement that provided by the variation in the frequency of the discharge. The answer must be that as far as concerns that part of the muscle which is supplied by the 3rd cervical root of the phrenic there is no marked increase in the number of neurones in action when the contraction becomes more forcible, the gradation being due mainly to the increased number of impulses which reach the muscle from each nerve fibre. If many of the nerve fibres are only brought into play with forcible breathing we should expect to find some preparations in which the few remaining nerve fibres transmit impulses only when the air supply is cut off. Actually in all the experiments where we have obtained single fibre discharges these have occurred in quiet breathing as well as in asphyxia. In some of the experiments where a greater number of fibres were intact the increased discharge during asphyxia seems large enough to indicate the accession of fresh nerve fibres, but it is difficult to be sure of this. No doubt an examination of the other nerve roots of the phrenic might show that some of the fibres are only active during a powerful contraction, for the force of contraction must increase many times when the air tubes are clamped, whereas an increase in the discharge frequency from 20 to 60 a sec-. would not be likely to account for much more than a two-fold increase.
Evidence pointing to the accession of fresh nerve fibres in forcible breathing has been obtained in an experiment in which a decerebrate cat was used instead of a rabbit. In this preparation the 4th cervical root (the highest in the cat) was dissected. When the final stage in the division was reached, the distal part of the nerve remained completely quiet during normal breathing, but a distinct impulse discharge could be heard in the loud speaker when the air supply was cut off. After a few minutes an impulse discharge appeared during normal breathing as well, indicating that some fibres had been temporarily thrown out of 4 and 8 show that there is some tendency for the impulses in different fibres to occur at the same moment but this is not great enough to prevent an almost constant succession of impulses from reaching the muscle. On the other hand, when the frequency in each fibre rises to 60 a sec. a smooth contraction will result whether the different neurones are discharging independently or by volleys, and it is interesting to find that the greatest degree of synchronisation does in fact occur in these rapid discharges where it will have the least effect on the smoothness of the contraction.
The synchronisation at high frequencies can be seen from a comparison of the single fibre discharge with that of the whole nerve. When the single fibre gives a frequency of 50-80 a sec. the discharge of the entire nerve becomes of the type in which there is a more or less regular series of large waves at 50-80 a sec. An example of this is shown in Fig. 11 , A and B, and there can be little doubt that the discharge of the whole nerve is built up of more or less synchronous volleys.
The degree of regularity in the size and frequency of the waves in the whole nerve discharge, and therefore the degree of synchronisation, varies from one preparation to another. Fig. 11 C is an example of an extremely regular discharge from an entire nerve (Exp. 7). Below it (D) is the dis-- charge of two or three fibres which were left intact, the sensitivity of the recording system being six times as great as in C. Even here the synchronisation is not absolute, for it is occasionally possible to detect more than one impulse in the waves of the lower record. There is no doubt that the chief condition for the synchronous activity of the neurones is that the discharge should be near its maximum intensity, but we have not been able to make out what other conditions may favour or hinder its appearance.
Influence of afferent fibres. A factor which might be likely to affect both the synchronisation and the frequency of the discharge in our records is the absence of the proprioceptor impulses which normally pass up the nerve. Dusser de Barenne(io) and others have shown that the frequency of the large waves in the electromyogram may be reduced by 96 IMPULSES IN PHRENIC NERVE FIBRES. 30 p.c. or more when the muscle is deafferented and the regularity may become greater when the frequency is reduced by painting the dorsal part of the cord with novocaine. It was possible therefore that the discharges we have obtained are of lower frequency and greater regularity than they would have been had the afferent fibres been undivided. Though we cannot deny the importance of the afferent fibres we do not think that the general character of the discharges has been much affected by their destruction. The greater part of the proprioceptor supply from the diaphragm has been left intact, for the 3rd cervical root is only a small part of the phrenic, though it must be admitted that the afferent fibres which have been divided are those which are most intimately connected with the motor fibres we have studied. But we can form some estimate of the extent to which the discharge is affected by comparing it with that occurring in the nerve before it has been severed from its connection with the diaphragm. The records obtained by leading off from a nerve trunk which preserves both central and distal connections are complicated by the fact that they will contain afferent as well as efferent impulses and that they may be affected by changes of potential occurring in other parts of the body. The chief disturbance is that due to the heart, but fortunately the electrocardiogram is easily recognisable and it can be reduced in magnitude by adjusting the position of the electrodes on the nerve. We have recorded the discharge of the nerve in continuity in three experiments and compared it with that from the same nerve after cutting distally or from the cut nerve on the opposite side of the body. In no case was there any marked change in the frequency or regularity of the record. With quiet breathing the discharge has the usual irregular character with occasional large waves, and with asphyxia there was the usual increase in the number of the large waves, the dominant frequency reaching the typical value of 70-80 a sec. In none of these experiments with the nerve cut or uncut was the asphyxial discharge as regular as that shown in Fig. 11 C, and 'it is difficult to make exact comparisons in records which fall short of complete regularity; but the well-marked change in the character of the discharge as between quiet breathing and asphyxia is fairly clear evidence that the change from asynchronous to synchronous activity takes place whether the afferent fibres are intact or not.
It may be that the frequency in each nerve fibre is slightly higher when the afferent fibres are intact, but our records give no indication of this for the large waves occur at much the same rates with the nerve cut or uncut. In this connection the experiments of G asser and Newcomer may be recalled, for they too recorded the discharge in the nerve in continuity and found it to have the same dominant frequency as in a nerve cut distally. Moreover, they made simultaneous records from the right phrenic cut distally and the left half of the diaphragm with intact nerve supply and were able to detect corresponding waves in the two records (11) . Here therefore the discharge of the right phrenic with its proprioceptor fibres cut through is synchronised with that of the left phrenic which is still connected with the diaphragm. DIsCUSSION. It is unlikely that the innervation of the diaphragm differs much from that of an ordinary skeletal muscle, and we may expect to find that the discharges of other motor neurones will have the same general character as those of the phrenic. But there is no reason why the same method of dissection should not be applied to the nerves supplying the skeletal muscles, and until we have done this it would be premature to discuss our results as though they had been found in all kinds of reflex discharge. To mention only one possibility, it may be that a group of motor neurones which are activated by a centre in the brain stem will give a different type of discharge from those activated in a short spinal reflex. At the same time it will be surprising if such a finding as the gradation of contraction by the change in frequency of the discharge does not turn out to be generally applicable, for it removes certain difficulties which arise from the view that gradation is mainly due to a change in the number of fibres in action. This is the most interesting, because the least expected, of our results. For the present, however, we may treat the phrenic discharge as a good example of the general principles which seem to govern the activity of the neurone, without implying that other motor discharges may not differ considerably in detail.
Previous work has shown that in the sensory nerve fibres the impulses produced by stimulation of the end organ are of fixed size and that they recur at more or less regular intervals with a frequency which is determined by the intensity of the stimulus, but is never high enough to prevent the fibre from recovering after the passage of each impulse. The present investigation shows that the motor fibres of the phrenic transmit discharges which are almost an exact counterpart of those in the sensory fibres. The impulses (or rather their action potentials) obey the same all-or-nothing principle; their frequency varies with the intensity of the central excitation, and varies over much the same range as in the sensory 98 IMPULSES IN PHRENIC NERVE FIBRES,q fibre. The upper limit of the motor discharge in the phrenic is somewhat lower than that from a sensory end organ (which may reach as much as 150 a sec.), but an increase to higher rates would be of no obvious value in the motor fibre, for it would cause no further increase in the force of contraction. If we compare the sensory discharge in a small nerve with the motor discharge in a few fibres of the phrenic the chief difference is that each sensory fibre acts independently so that the impulses in the different fibres are distributed at random, whereas in the motor fibres there is often a considerable degree of synchronisation so that the impulses occur in groups (cf. Fig. 8 (12)). For the action current record of the phrenic this diagram could be applied without any modification, and indeed it bears a striking resemblance to the actual records in Fig. 4 of the present paper.
SUMMARY. Records have been made of the electric responses in single motor fibres of the phrenic nerve of the rabbit during the normal respiratory discharge. The highest root of the phrenic was almost completely divided with fine needles so that only three or four fibres remained intact and the electric responses in the nerve distal to the division were examined with the capillary electrometer and valve amplifier. In five experiments the dissection of the nerve was carried to a stage at which a single series of impulses appeared in the records. From these and others where more fibres were in action we draw the following conclusions: (1) With normal breathing the impulses in each nerve fibre recur at a frequency of about 20-30 a sec. throughout the period of inspiration. (2) 
